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A sensitive  glass electode apparatus for measuring  rapid changes in pH to 
determine the rate of carbon dioxide uptake by photosynthesizing cells was 
recently described  (Rosenberg,  1954). An essential  feature of this device was 
the elimination of a gas phase in equilibrium  with the cell suspension and the 
consequent avoidance  of the slow transport of carbon dioxide across the usu- 
ally occurring  gas-liquid  interface.  Results were reported on the influence of 
carbon dioxide on the rate of photosynthesis of Ch~rdla pyr~osa.  These 
"transient method" experiments  showed  that  the  maximum rate  of photo- 
synthesis at high light requires  local CO~ concentrations corresponding  to a 
gas with several tenths per cent CO~ by volume. These results were confirmed 
by an independent steady state method involving  the CO~ analysis of a  gas 
stream before and after it passed through a cell suspension of fixed pH. 
Steemann Nielsen  (1955) recently presented a  summary of some of his ex- 
periments which indicated that the photosynthetic  uptake of CO2 by unicellular 
algae can reach its maxhnum rate at concentrations below 0.01 per cent CO2. 
He  ascribed  the  discrepancy between  the  findings  of  the  two  laboratories 
completely to systematic errors in my experiments. The purpose of the present 
article is to answer the specific criticisms and to suggest an alternative inter- 
pretation of the discrepancy. 
1. The Transient Method 
Steemann Nielsen objected to the use of dense suspensions of algae on the 
ground that cells at the rear of the vessel did not receive as much light as did 
cells at the front. For the particular purpose  of showing carbon dioxide lim- 
itations, this objection has little validity. It is well known that carbon dioxide 
limitations of any origin become less important at decreasing light intensities. 
Any correction  of  the  light shading would  thus  result  in  limitations even 
greater than those observed. The possibility of heating effects exaggerated by 
the use of dense suspensions, as suggested by Steemann Nielsen,  was indeed 
eliminated in the original  experiments  by the use of infrared absorbing filters 
between the light source and the sample. 
Steemann Nielsen  feared that the short duration of an experiment  in the 
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glass electrode compartment, about 2 minutes, might not be sufficient to allow 
for the dehydration of H2CO3 to COs,  a  known slow reaction. If so, the real 
concentration of CO2 at the instant when a decreased rate of assimilation was 
observed might  be  appreciably below  the  equilibrium  value  assumed.  This 
possibility was considered in  the 1954 paper and was ruled out for all experi- 
ments carried out below pH 7.6. The rate constants for the dehydration reac- 
tion have been  determined in  almost  a  dozen laboratories in  the  past  fifty 
years and are in remarkable agreement with each other. These data were the 
basis of the numerical calculations of the effect of slow dehydration reported 
in the 1954 paper in Table III. (The factor 2.3 should appear in the numerator 
of the right side of equation (7) of that paper. It was omitted through a typo- 
graphical error but was correctly included in the computations for Table III.) 
Qualitatively,  the  reason for the unimportance of dehydration is as follows. 
At  pH values below  7.9,  almost  all  the variation of total inorganic carbon 
accompanying a variation in pH in a closed vessel is represented by a change in 
the equilibrium concentration of the species COs.  The changes in HCO~ and 
COY concentrations are negligible in comparison, and become important only 
above pH 8.0. During a  2 minute assimilation  experiment in a  closed vessel, 
as the pH rises inorganic carbon is removed from the medium. The equilib- 
rium COs concentration in the medium falls at a  rate only slightly below the 
rate  of  fall  of  total  inorganic  carbon.  The  dehydration process  must  then 
operate at only a  few per cent of the assimilation rate in order to maintain 
the equilibrium concentration of COs  in the medium. Thus  there can be no 
appreciable  difference between  the  true local  concentration of COs  and  the 
equilibrium concentration reported in Fig. 4. 
2. The Steady State Method 
The major criticism of the  gas flow method was  that  COs  cannot diffuse 
fast enough from a  gas bubble into the liquid medium so as to maintain the 
optimum rate of photosynthesis. If such were the case, the COs concentration 
at the cell surface would  be appreciably less than at  the gas bubble,  and a 
limitation in photosynthesis believed to occur at 0.2 per cent COs, for example, 
might really be associated with a  true COs concentration less than one-tenth 
this amount. This is certainly a valid question which requires a carefully con- 
sidered reply. 
Steemann Nielsen reported some experiments to show the slowness of dif- 
fusion from a gas bubble into the main body of a  liquid. He bubbled normal 
air through a  carbonate-bicarbonate buffer and measured the rate of uptake 
of COs from the air stream. Only a fraction of the COs in the air was absorbed, 
the amount depending  on  the pH  of the medium.  This type of experiment 
differs in  two  important respects from the  steady state  assimilation  experi- 
ments. (1) In my assimilation experiments, the air was enriched so as to contain 
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tern, C02 must be incorporated in the buffer largely by neutralization to HCO7 
or COY. These hydration reactions are slow. In an air-buffer-algae system, on 
the other hand, COs can be incorporated into the photosynthetic apparatus of 
the cells without necessarily going through the hydrated intermediate stage. 
Thus the removal of COs from an air stream by a suspension of photosynthe- 
sizing cells will certainly be more efficient than by an inorganic alkaline buffer 
alone. 
Mention was made in the 1954 paper of an attempt to calculate the actual 
extent of diffusion limitations  in  the  steady  state  assimilation  experiments. 
The calculation was  made  on  the  following premises.  The  diffusion barrier 
occurs at  the liquid film surrounding each air bubble  (Lewis and Whitman, 
1924). The rate of diffusion of CO~ across this film is proportional to the sur- 
face area of the bubble and to the difference in COs concentration at the two 
sides of the film, with a  proportionality constant kL,  called the specific film 
transfer coefficient. The concentration at the liquid side is CL, the concentration 
in the main body of the liquid; at the bubble side it is Cg, the concentration 
in a hypothetical liquid equilibrated with the gas in the bubble. Equation (1) 
states the expected rate of CO~ transfer from the air stream to the liquid on 
the above model. 
J  -- (Co -  CL) ~ (1 -  e-~'~)  (1) 
Here Y is the rate of transfer, Co is the value of Cg at the air inlet where the 
air has its maximum COs content, v is the volume rate of flow of the gas,/~ 
is the solubility of COs expressed as the ratio of the equilibrium molar concen- 
trations in liquid to gas, t~ is the time of rise of a  single bubble through the 
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suspension, and a  =  --~--, in which A is the area and V the volume of a single 
bubble. In my paper I  estimated an average value of 1.4 for (od~). This was 
the  basis  of my statement  on the  extent of the  diffusion limitations  in  my 
original measurement. 
Subsequently Dr. Warren Butler (private communication), working in the 
laboratory of Dr.  Franck and Dr.  Gaffron, directly measured the diffusional 
rate for a geometrical arrangement identical with the one used in my original 
work  and  found an  experimental value  for  (ate)  of 0.94.  He  measured  the 
fractional saturation of an air stream with COs when bubbled through a  car- 
bonate-bicarbonate buffer. The figure 0.94 is a minimum value because it did 
not include a  correction for the slowness of the COs hydration and dehydra- 
tion reactions in inorganic systems. The correction would raise  the value of 
(otto) to somewhere between  1.0  and  1.2.  If the  lower value in this range is 
accepted, there would be a  downward revision of the values for the COs con- 
tent listed in Figs.  6  and  7 of the  1954  paper,  each point being lowered by 
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tenths per cent  COs. The adjusted  data for photosynthesis in 0.002  ~r bicar- 
bonate are plotted in Fig.  1. 
If Steemann Nielsen's description  of these  experiments were correct,  that 
the CO2 in the medium was depleted below 0.01 per cent, the rate of absorption 
of COs from the gas bubbles should have been within 2 per cent of the maxi- 
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points of the same symbol correspond to a set of measurements with the same prepara- 
tion. 
mum for a  similar gas stream through  a  medium completely devoid of COs. 
In terms of equation  (1)  this maximum fractional absorption is  (1  --  e-"t°). 
In  the  experiments  showing  the  greatest  limitations  in  Fig.  1,  the  actual 
utilization of CO2 was 40 per cent, whereas the maximum possible absorption 
from this type of gas stream has been shown to be over 63 per cent. In other 
words,  depletion  of the  medium was never enough  to lower the  actual  COs 
concentration in solution to values as low as 0.1  per cent. The estimate in the 
1954  paper  of  the  importance  of  diffusion  limitations  was  not  sufficiently JEROME  L.  ROSENBF~RG  831 
cautious, but the resulting error in the CO, concentration was not nearly as 
large as suggested by Steemann Nielsen. For absolute measurements there is 
no doubt that the transient method is more reliable in the region of its ap- 
plicability, but the steady state method is sufficiently reliable to confirm the 
surprising result that limitations can occur up to several tenths per cent CO,.. 
3. Interpretation 
It would seem more reasonable to ascribe the discrepancy between the two 
laboratories to a biological difference than to an experimental one. Whitfing- 
ham (1952)  and Briggs and Whittingham (1952)  pointed out that long adap- 
tation periods, of the order of an hour, are often required for algae to make 
efficient use of carbon dioxide at low pressures.  Gaffron (private communica- 
tion) found that adaptation over similar periods is required even at carbon 
dioxide pressures up to 0.5 per cent atmosphere in algae that had been pre- 
treated in the dark with 50 per cent carbon dioxide. Brackett and Olson (pri- 
vate communication) have consistently observed limitations in ordinary air in 
the photosynthetic rates  of Chlorella  grown in a  5  per  cent carbon  dioxide 
atmosphere, if the long adaptation had not been allowed to proceed. It should 
not be  surprising,  therefore,  that algae grown in ordinary air by Steemann 
Nielsen may have much more facile response to low carbon dioxide than similar 
algae grown in 4 per cent carbon dioxide like those used in my original work. 
Also, his experiments lasted up to several hours. My experiments lasted only 
a  few minutes in the transient method and about 20 minutes in the steady 
state method. 
SUMMARY 
1. It has been shown that the glass electrode method as previously described 
by the author for measurements of transient rates in photosynthesis is free of 
systematic errors. 
2. Justification has been given for the use of the steady state-gas flow method 
for measuring rates of assimilation under conditions in whicl~ the solution is 
known not to be seriously depleted of CO,.. 
3. The decline of photosynthetic rates under light saturation at CO,. pres- 
sures less than several tenths per cent of an atmosphere has been shown to be 
a real phenomenon. It has been suggested that there may be a real discrepancy 
between this finding and those of some other investigators due to a difference 
in the previous history of the algal suspensions. 
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